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In the axopod, the cell appendage of heliozoans, a bundle
of microtubules runs the length of the organelle with a
lateral pattern depending on the species. In the species
under study, Echinosphaerium nucleofilum, these microtubules
are arranged in a double spiral pattern. Axopodia can be
detached and the purpose of this study was to refine the
detachment procedure, work out electron microscopy techniques
and scrutinize the detached axopodia for differences from the
organelle of a whole organism. Detached axopodia were fixed,
embedded, sectioned, observed under the electron microscope
and found to be similar in ultrastructure to undetached ones.
Thus, mass preparations of the detached organelles are suit-




Organelles isolated from living cells provide convenient
material for molecular analysis of cell physiology without
the obstruction of the whole cell. However, the isolated
organelles must resemble in structure the native state they
had in the intact cell. The goal of this project was electron
microscope inspection of isolated heliozoan axopodia, organ-
elles of protozoan cells. It was necessary to refine methods
of organelle isolation to provide adequate material and to
modify microscopy techniques. Heliozoan axopodia contain a
pattern of microtubules, structures visible only by electron
microscopy, which perform various functions in all eukaryotic
cells.
Microtubules
Microtubules have been Identified in most eukaryotic
cells since electron micro9copi7ts began using glutaraldehyde
as a fixative in the 1960's. The protein of which microtubules
are made has been described since 1967 (Borisy and Taylor,
1967; Shelanski and Taylor, 1967) and named "tubulin" by
Mohri (1968).
In the mitotic spindle and in cilia and flagella, micro-
tubules play a major role in motility as well as structure.
Although the mechanisms are not completely understood,
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microtubules guide or move chromosomes toward the poles in
the mitotic spindle (McIntosh et al. 1969; Inoue and Sato,
1967; Forer and Jackson, 1976; Bajer and Mole-Bajer, 1975).
In cilia and flagella the dynein arms associated with micro-
tubules are responsible for the sliding movements (Satir,
1968). Microtubules found in axons of neurons and in the
cytoplasm of most cells are clearly structural, but we can
only 3peculate on their role in the activities of the cell
(for reviews, see Stephens and Edds, 1976; Kirschner, 1978;
Dustin, 1978; Brinkley et al. 1980).
Together with actin and myosin, microtubules have been
shown to form a network extending from the nucleus to the
cell membrane (Osborn and Webar, 1976; Brinkley et al. 1978,
1980). This network is often referred to as the cytoskeleton.
A great deal of interest in this structure now exists, and
controversy has developed as to its possible role in trans-
formed cells. Researchers working with certain normal and
transformed (cancer-like) cell cultures have found some
differences in the cytoskeletal array (Osborn and Weber, 1976;
Brinkley et al. 1975) but have found no essential differences
when working with other cell systems (Brinkley et al. 1980).
After actin, tubulin is the second most common intra-
cellular protein (Kirschner, 1978). The ability of micro-
tubules to dissociate into tubulin subunits and reform in
vitro under various chemical and physical conditions has been
extensively investigated (Weisenberg, 1972; Raff, 1979).
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Reformation experiments with microtubules have resulted in
considerable information about their composition and structure
(Kirshner, 1978)
A number of microtubule-associated proteins (MAPs)
have been identified and their role in polymerization of
microtubules is under investigation (Sloboda et al. 1976).
Microtubules are formed of at least two distinct polypeptides
with a molecular weight of about 55,000 daltons (Luduena et al.
1976, 1977). These polypeptides have been named alpha- and
beta-tubulin, and they apparently associate as heterodimers
to form a larger subunit of 110,000 daltons (Luduena et al.
1976, 1977). The amino acid sequences for these two forms
have been partially worked out and show a great deal of
similarity throughout the animal kingdom (Luduena and Woodward,
1973; Ponstingl et al. 1979).
These subunits of tubulin make up linear protofilaments
which associate to form a wall five nanometers thick around
a hollow core of 15 nanometers, making the entire microtubule
approximately 25 nanometers in diameter (Tilney et al. 1973;
Dustin, 1978). In transverse sectich, most microtubules appear
to be formed of 13 protofilaments, but microtubules have been
described composed of 12 protofilaments in the axons of cray-
fish and lobsters (Burton et al. 1975) and 15 protofilaments
in crayfish sperm (Burton et al. 1975) and cockroach epidermal
cells (Nagano and Suzuki, 1975).
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Heliozoa
Because they possess an interesting and unique pattern
of microtubules that might serve as a model for the study of
other microtubule systems, heliozoans have been a target of
investigation. The species used in this study, Echinosphaerium
nucleofilum, was first described by Barrett in 1958 after
being separated from cultures of Actinosphaerium eichhorni.
These organisms are classified with the amoebae in Class
Actinopodea, Order Heliozoa, Suborder Actinophrvidia (Grell,
1973).
Heliozoan reproduction is largely uninvestigated, with
sexual reproduction being worked out only for A. eichhorni,
wIlich is a closely related species to E. nucleofilum.
From observations made by this investigator and others, it
appears that their method of reproduction is the same. The
heliozoans usually reproduce asexually by simple fission of
the multinucleated sphere (Grell, 1973).
The heliozoans may withdraw all their axopodia and
encyst on the substrate during times of duress, adverse
environmental conditions, or lack of food organisms. En-
cystment involves a kind of reproduction usually referred to
as autogamy (Grell, 1973). Most of the nuclei degenerate,
and the cytoplasm divides into as many sections as there are
remaining nuclei. Each resulting cell then encysts and
divides into two daughter cells which undergo meiosis and
become gametes. These fuse and form a new organism, which,
after an appropriate time and under more favorable conditions,
will excyst (Grell, 1975).
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E. nucleofilum is a large protozoan, often as large as
one millimeter in diameter (Figure 1). The basic body is
a central multinucleated sphere with up to 500 nuclei per
individual, encompassed by a less dense, highly vacuolated
layer. Surrounding the body are organelles which radiate
from the entire surface and take the form of axopodia which
originate near a nucleus. Each individual has about 100
axopodia of approximately 300 micrometers in length (noth
et al. 1970).
Axopodia appear to have at least two functions, which are
locomotion along a substrate and prey capture. The hello-
zoans tend to roll slowly along the substrate, with the leading
axopodia shortening and thickening while the trailing axo-
podia elongate (Watters, 1968). Adhesion to the surface must
be significant as heliozoans have been observed "climbing"
the walls of culture dishes (Watters, 1968).
The method of prey entrapment may vary, depending upon
the food organisms involved (Looper, 1928). Heliozoans
generally capture prey, usually algae, by trapping them
between axopodia and somehow overpowering them (Suzaki et al.
1980). The prey is then drawn toward the cell body as it
gradually moves along the length of the axopod (Looper, 1928;
Kitching, 1960) or as the axopod quickly contracts (Edds,
1975b; Ockleford and Tucker, 1973). The cell body then forms
a vacuole about the prey organism and draws it into the body
(Tilney and Porter, 1965).
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Figure i. Whole heliozoan, Echinosphaerium nucleofilum.
Note the large numbers of axopodia radiating
from the cell body. Cell body shows a highly




Axopodia of E. nucleofilum have a central core called an
axoneme that extends from base to distal tip, and which in
cross-section displays an interlocking double spiral of
microtubules radiating from a central region (Figure 2)
(Kitching, 1964). This axonemal pattern is made up of about
500 microtubules divided into 12 symmetrical sectors of equal
numbers of microtubules (Tilney and Byers, 1969). These
microtubules are interconnected by 7 or 30 nanometer links
of undetermined material (Tilney and Byers, 1969; Tilney, 1971;
Tilney et al. 1973; Roth et al. 1970). The microtubule pattern
of the axoneme has been shown to be reversibly disrupted or
disturbed by specific mitotic poisons (Ockleford and Tucker,
1973; Tilney, 1968; 1971), excess calcium ions (Schliwa, 1976),
cold temperatures of 4°C or below (Toyohara et al. 1978;
Tilney and Porter, 1967), and high pressures (Tilney et al.
1966; Kitching, 1957).
The axonere apparently does not touch or rest on a nucleus
(Tilney and Porter, 1965; Anderson and Beams, 1960). It is
completely enclosed by cytoplasm, and between the axoneme and
the membrane are many mitochondria and dense granules about
10-20 nanometers in diameter (Anderson and Beams, 1960)
(Figure 3). Movement of the mitochondria and granules within
the axopodia is saltatory in nature (Edds, 1975a; Fitzharris et
al. 1972). It has been proposed that these dark staining
granules may contain enzymes or substances for holding or
quieting prey (Tilney and Porter, 1965).
10,
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Figure 2. Microtubule pattern in axoneme of axopod from
whole heliozoan. Note the interlocking double
spiral and the 12 pie-shaped sectors (Courtesy
of Dr. E. J. Hoffman). X60,000.
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Figure 3. Detached axopod in longitudinal section showing
a mitochondrion (M) and several dense granules
(DG) beneath the membrane and along the length
of the axopod. X54,000.
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It is possible to detach the axopodia of heliozoans
(Hoffman, 1977) and this study was c-mducted in order to
determine what effect, if any, such detachment has on the
native microtubule pattern. At the same time, detached
organelles were provided to a collaborator, Dr. Richard
Luduena, of the University of Texas, to determine the
characteristics of tubulin protein present.
MATERIALS AND METHODS
Cell Cultures
Heliozoans were obtained from Carolina Biological Supply
Company, cloned, and cultured at room temperature in 8-inch
"finger-bowl" culture dishes containing about 500 milliliters
of modified Pringsheim's solution without the iron salt
(Chapman-Andresen and Prescott, 1958) (Appendix 1). Divalent
cations in this medium were 0.85 mM calcium ion and 0.08 mM
magnesium ion; it contained 55 mM phosphate .Lon, and its pH
was 6.6.
Chlorogonium elongatum, strain 11, from the University
of Texas Collection, Austin, were chosen as food organisms
for the heliozoans because they can be cultured to a high
titer in only 24 hours when stirred before a Gro-Lux light.
Initially the culture medium for C. elongatum was Cambridge
Euglena medium (Shaw, 1964) (Appendix 2 A). Our laboratory
later developed a simpler formula (Y medium) that supported
growth as well (Appendix 2 B).
These organisms produced a light green suspension of
highly active flagellated cells in 24 hours, but if allowed
to overgrow they tended to lose some of their motility.
Cultures were fed washed C. elongatum daily. The heliozoans
multiplied more rapidly when fed the active forms. Feeding
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amounts and times were adjusted so as to obtain the largest
possible number of cells floating freely in the medium. These
floating cells were harvested from four
and cells adhering to the bottom of the
fresh medium for starting new cultures.
to six day old cultures
dish were covered with
Unharvested cultures
of the same age were diluted to start new cultures. Cells
attached to the bottom were discarded when they began to
encyst.
Cell Harvest
Cells were harvested in 250 milliliter graduated conical
tubes by one minute of centrifugation at 300 X g in an IEC




with fresh Pringsheim's solution to an appropriate
percent of the cells were withdrawn and carried
fixation procedure as whole cells. All operations
were carried out at room temperature unless otherwise specified.
Detachment Procedure
The detachment medium (Appendix 3) contained a minimum of
ingredients found necessary to detach the axopodia from the
heliozoans and maintain them in good condition (Hoffman, 1977).
The presence of ethyleneglycol-bis (B-aminoethyl ether)-
N, N'-tetra-acetate, EGTA, which binds calcium ions preferen-
tially over magnesium ions, has been found to enhance micro-
tubule maintenance since calcium ions can inhibit microtubule
assembly and depolymerize microtubules (Schliwa, 1976; Kirschner,
1978).
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Magnesium sulfate, MgSO4, was added since free magnesium
concentrations of 0.1 mM are required for assembly of micro-
tubules (Olmsted, 1976) and have a stabilizing effect on
axopodia (Shigenaka et al. 1974).
Guanosine triphosphate, GTP, was included as early reports
indicated that it may be required for energy, but recent
views are that it may bind to tubulin at two sites, and at
least one of these, the N or nonexchangable site, may be
structural (Kirschner, 1978).
Phenylmethylsulfonyl fluoride, PMSF, was included since
it functions as a protease inhibitor which might enhance the
maintenance of microtubules (Fahrney and Gold, 1963; Schulze
and Colowick, 1969; Pringle, 1975).
Ethanol served as a mild fixative during the detach-
ment procedure.
Appendix 4 is a flow diagram of the detachment procedure.
The detachment medium was prepared fresh each time and mixed
with the cell sample by drawing up into a Pasteur pipette
several times. Upon evidence of uniform detachment under
the phase contrast light microscope (Figure 4), usually in
five to ten minutes, organisms were centrifuged in a 12 milli-
liter graduated conical tube at 300 X Q for five minutes in
an IEC Model CL centrifuge. Washing the pellet with another
aliquot of detachment medium recovered more detached organelles.
The pellet contained the cell bodies, food organisms, and
debris (Figure 5). The supernatant was combined and recen-
trifuged at 2000 X g for ten minutes in an IEC Model PR-J
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Figure 4. Heliozoans following treatment with detachment
medium. Note the cell body with only a few
axopodia still clinging. X700.
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centrifuge. This second supernatant was withdrawn and
discarded, and the resulting pellet was checked under the
phase contrast light microscope for intact axopodia (Figure 6).
Electron Microscopy
Appendix 5 outlines the preparation of the sample for
electron microscopy. The pellet was treated with final con-
centrations of 4 or 4.5% glutaraldehyde and 0.5% osmium
tetroxide (Shigenaka et al. 1971) or 3% glutaraldehyde,
7% tannic acid, and 0.5% osmium tetroxide (Burton et al. 1975).
The extremely small sample was suspended in 2 or 2.3% agar for
ease in handling. It was then passed quickly through an
alcohol dehydration series of 15 minutes each in 50%, 75%,
85%, 95%, and 100% ETOH, followed by two rinses of 15 minutes
in propylene oxide (Hayat, 1972). The detached axopodia held
up well as can be seen by comparing Figures 6 and 7.
Epon was used for embedding in gradually increasing
amounts by adding one part Epon to three parts propylene
oxide for 30 minutes to overnight, followed by two parts Epon
to two parts propylene oxide for five hours to overnight,
three parts Epon to one part propylene oxide for five hours
to overnight, and finally 100% Epon for five hours to overnight.
Some samples were infiltrated for the shorter time in a
vacuum chamber, but maximal times at atmospheric pressure gave
adequate infiltration and hardening, and these methods were
used after the first few preparations. Specimens were trans-
ferred to fresh Epon and placed in bottle-neck BEEM capsules,
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Figure 6. Detached axopod after centrifugation. X1,720.
Figure 7. Detached axopod following fixation. X2,000.
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since cone-shaped capsules allowed the sample to float, even
when centrifuged. After infiltration the capsules were placed
in an oven for 48 hours to polymerize the Epon.
Capsules were sectioned on a Reichert Om U2 Ultramicrotome.
Sections were picked up on 200 mesh copper grids. They were
stained with uranyl acetate for 20 minutes to an hour and post-
stained with lead citrate for 3.5 to 10 minutes in the presence
of NaOH pellets to eliminate CO
2 
contamination (Lewis and
Knight, 1977). Grids were examined on a Zeiss EM 9 S-2
electron microscope.
A total of 17 preparations were made, resulting in 49
blocks to be sectioned. An average of six grids per block,
each containing 15 to 25 sections per grid, were scanned on
the electron microscope (Table 1).
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TABLE 1
GRIDS EXAMINED FROM PREPARATIONS
Preparation Type of Number of Number of
Date Preparation Blocks Grids
6/13 TAG 2 12
6/18 S 4 24
6/20 TAG 2 12
6/25 TAG 2 12
6/27 TAG 1 6
6/28 TAG 3 18
6/29 TAG 4 25
7/6 TAG 4 25
7/10 TAG 3 18
7/11 S 5 41
7/12 S 2 12
7/16 TAG 3 18
7/18 2 2 11
7/19 S 4 22
7/24 S 3 19
7/30 TAG 2 11
8/1 S 3 17
S-(Shigenaka et al. 1971) -pH 6.6.
TAG-(Burton et al. 1975) -pH6.5, 6.8, 7.0.
RESULTS AND DISCUSSION
Five or six pipettings were optimal for mixing the
detachment medium into cells and procuring detachment without
too much breakage. A lowering of centrifuge speed from 500 X
g (Hoffman, 1977) to 300 X g yielded more axopodia in the first
supernatant (Appendix 4). The appearance and condition of the
cells and cell organelles were monitored carefully at each
step for breakage and purity under a phase contrast light
microscope. Figures 4, 5, 6, and 7 show the normal appear-
ance of these fractions through the stages of preparation. No
whole cells or intact heliozoan bodies were detected among
detached axopodia in the fixative or observed in the sections
when scanned on the electron microscope. Intact C. elongatum,
bacteria, and cell debris were the main contaminants.
Thin sections from whole organisms were inspected under
the electron microscope for evidence of the specific micro-
tubule pattern observed by Kitching (1964), Shigenaka et al.
(1971), Roth et al. (1970), Tilney and Porter (1965),
Ockleford and Tucker (1973), and others. The double spiral
pattern as represented in Figure 8 was observed frequently.
Sections of detached axopodia revealed this same pattern
in organelles preserved by the Shigenaka method (Figure 9).
Transverse sections of whole cells and detached axopodia were
21




Figure 9. Microtubules spiral in axoneme of detached axopod.
Note the few gaps (G) in the pattern and an




examined for departures from the perfect double spiral pattern,
namely C-shaped microtubules, gaps in the array, and individ-
ual microtubules outside the pattern (Tables 2 and 3). Large
numbers of microtubules were missing from only a few sections.
Likewise, only a few microtubules were C-shaped; however,
77% of the cross sections of both whole cells and detached
organelles did have one or more microtubule of this type.
There were no significant differences from published values
for pattern irregularities. The axonemes of both whole cells
and detached axopodia were missing an average of 2.6 micro-
tubules per section. in work done by Shigenaka et al. (1971)
control organisms were missing an average of 5 microtubules
per axoneme. Comparisons of C-shaped microtubules show that
our whole cells had an average of 3.2 C-shaped microtubules
per section, our detached organelles had an average of only
2.1, but Shigenaka et al. (1971) had an average of 13 C-
shaped microtubules per section in their controls.
Thus, evaluation of electron micrographs leads to the
conclusion that the axonemal pattern of the detached organ-
elle remains in essentially the same condition as that of
the whole organisms fixed and embedded in the same manner.
One longitudinal section showed a detached axopod with
a remarkably close appearance to a detached axopod when
seen under a phase contrast microscope (Figures 10 and 11).
The proximal end of the axopod appears to have pulled out of
the cytoplasm, possibly pulling some of it with the organelle.
A membranous structure has formed around the ba-e, causing
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TABLE 2
CROSS-SECTION EVALUATION OF WHOLE CELL AXOPOD
AXONEMAL PATTERNS
Number of C-shaped
















CROSS-SECTION EVALUATION OF DETACHED AXOPOD
AXONEMAL PATTERNS
Number of C-shaped































Figure 10. Longitudinal section of a detached axopod under a
phase contrast light microscope. Note the
swelling at one end where the axopod apparently
pulled out of the cell body and reformed a
membrane around the cytoplasm. X1,720.
Figure 11. Longitudinal section of a detached axopod as
viewed under the electron microscope. Note the
close similarity to Figure 10. X9,500.
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a bulging appearance. The distal tip shows some evidence
of disturbance of the axopodial membrane, hut the axopod
remained intact. The microtubules within it lay in a
natural arrangement and many are continuous from the proximal
end to the distal tip. These observations of continuous
microtubules are consistent with those of other investigators
who have worked with whole organisms (Kitching, 1964).
Figure 12 is an enlarged micrograph of another detached
axopod in longitudinal section. It is obvious that cross
links between microtubules have been preserved.
In evaluating the sections it was found that a pro-
portionally large number of sections were either oblique
longitudinal because of the orientation of the detached
axopod in the embedding medium (Table 4). Distorted ovals
or oblique sections were often observed, depending upon the
angle of the cut through the detached axopod (Figure 13).
Due to the difficulty in evaluating the intactness of the
pattern in oblique and longitudinal sections, most evaluations
were made from the cross sections (Tables 2 and 3). For future
work our laboratory is trying different embedding methods
that could give more control over the orientation of the
axopodia.
It had been hoped that results of earlier investigators
with TAG could be reproduced and that the subunits of micro-
tubules would become evident (Tilnev et al. 1973; Burton et al. 1975).
or
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Figure 12. Longitudinal section of a detached axopod. It
is obvious that cross-links between microtubules
















However, in our tannic acid preparations the Epon did not
infiltrate into the sample properly and the blocks did not
section well. In the few blocks that did section, the
heliozoans present were not well preserved. The reason for
TAG failure has not been determined, but Tilney et al. (1973)
used a detergent, digitonin, in their tannic acid mixture with
whole E. nucleofilum. No detergent was tried in this series
of experiments. Burton et al. (1975) obtained negative
staining with tannic acid in purified in vitro re-polymerized
microtubules, not cells or parts of cells. The absence of
detergent in this work may have been responsible for this
discrepancy.
In electrophoretic analysis of some samples described
here, we have shown that the detached axopodia give clear
tubulin patterns and that the tubulin concentration is
enriched over that in whole cell controls (Hoffman et al. 1980).
These results support the conclusion that axonemal microtubules
survive the detachment well.
Further studies should include testing the detached organ-
elle for similarities to axopodia of whole cells in reaction
to agents that disrupt microtubules. Separation of axopodia
into their major components would be valuable. The constituents
of the dense granules have yet to be determined. A bare
axoneme would be useful to further characterize the tubulin
and link molecules which do survive detachment. The axopodial
axoneme of a normal whole organism is labile to agents that
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disrupt microtubules. If conditions could be found so that
the axoneme of a detached organelle would respond in the
same manner it should make an even better vehicle for
studying the mysteries still surrounding mechanisms of
microtubule patterns and linkages.
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APPENDIX 1
MODIFIED PRINGSHEIM'S SOLUTION WITHOUT IRON















KC1 5 2 g




Water to 1 liter
(iii)* MgSO4-7H20 4,0 g
Water to 1 liter
*200-X stock solutions (store refrigerated).
"PRINGSHEIM'S"*
Add 20.0 ml of each of the stock solutions in order; add
distilled water to 4 liters and shake.
Final Concentrations:
Sodium phosphate 0.11 mM
Potassium chloride 0.35 mM
Calcium nitrate 0.85 mM
Magnesium sulfate 0.08 mM









Sodium Acetate 1.0 g
Tryptone 2.0 g
Yeast Extract 2.0 7
Beef Extract 1.0 g
Water to 1 liter
Y-MEDIUM FOR C. ELONGATUM











































RAPID ETOH DEHYDRATION SERIES
2 PROPYLENE OXIDE RINSES
INCREASING PERCENTAGES OF EPON
100% EPON
BOTTLENECK BEEM CAPSULE
OVEN - 48 HOURS
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